Activation of translation via reduction by thioredoxin–thioredoxin reductase in Saccharomyces cerevisiae  by Jun, Kyung Ok et al.
FEBS Letters 583 (2009) 2804–2810journal homepage: www.FEBSLetters .orgActivation of translation via reduction by thioredoxin–thioredoxin reductase
in Saccharomyces cerevisiae
Kyung Ok Jun, Chin-Hee Song, Young-Bum Kim, Jinseok An, Jae Hyeun Oh, Sang Ki Choi *
Department of Biological Sciences, College of Life Industry and Science, Sunchon National University, Jeonnam 540-742, Republic of Korea
a r t i c l e i n f o a b s t r a c tArticle history:
Received 20 May 2009
Revised 14 July 2009
Accepted 15 July 2009
Available online 19 July 2009
Edited by Michael Ibba
Keywords:
Translation
Dithiothreitol
TRX1
TRR1
TRR2
GRX1
NADPH
NADH0014-5793/$36.00 Crown Copyright  2009 Publishe
doi:10.1016/j.febslet.2009.07.030
* Corresponding author. Fax: +82 61 750 3608.
E-mail address: sangkic@sunchon.ac.kr (S.K. Choi)Previously we reported that in vitro translation activity in extracts of Saccharomyces cerevisiae was
stimulated by dithiothreitol (DTT) and further increased by the addition of thioredoxin (TRX1) [Choi,
S.K. (2007) Thioredoxin-mediated regulation of protein synthesis by redox in Saccharomyces cerevi-
siae. Kor. J. Microbiol. Biotechnol. 35, 36–40]. To identify the pathway affecting translation, we
cloned and puriﬁed thioredoxin reductase 1 (TRR1), thioredoxin reductase 2 (TRR2), glutaredoxin
1 (GRX1) and glutaredoxin reductase 1 (GLR1) as fusion proteins. Thioredoxin-mediated activation
of translation was more effectively stimulated by NADPH or NADH than by DTT. Moreover, addition
of TRR1 led to a further increase of translation in the presence of thioredoxin plus NADPH. These
ﬁndings indicate that redox control via the thioredoxin–thioredoxin reductase system plays an
important role in the regulation of translation.
Crown Copyright  2009 Published by Elsevier B.V. on behalf of Federation of European Biochemical
society. All rights reserved.1. Introduction
Treatment of cells with mitogens, hormones, or growth factors
generally leads to an increase in translation. Conversely, nutrient
deprivation or environmental stresses such as heat shock, osmotic
shock and UV irradiation, generally reduce protein synthetic rates
[2]. These changes in translation rates are often correlated with
changes in the level or activity of translation factors. An important
mechanism regulating translation in response to environmental
stresses involves phosphorylation of the subunit of eukaryotic ini-
tiation factor 2 (eIF2). Kinases phosphorylating eIF2a include
GCN2, heme-regulated inhibitor kinase (HRI), interferon-induced
(ds)RNA-activated eIF2a kinase (PKR), and ER stress responsive ki-
nase (PERK) [3]. On the other hand, several authors have reported
that redox signaling has an important effect on cell growth and
apoptosis, and a recent report suggests that excess reactive oxygen
species (ROS) arrest translation of rbcL (rubisco) transcripts via a
decrease in the reduced/oxidized glutathione ratio [4]. Searches
for proteins interacting with thioredoxin identiﬁed elongation fac-
tor 2, eIF4A and mitochondrial EF-Tu [5,6], and elongation factors
EF-1a (TEF2) and EF-1b and NIP1 (initiation factor 3) were shown
to be targeted by the irreversible oxidation of cysteine (S-thiola-d by Elsevier B.V. on behalf of Fede
.tion) [7]. Disulﬁde-bonded proteins (DSBP) formed in a mamma-
lian neuronal cell line (HT22) by exposure to various oxidative
treatments included the translation factors EF-1a, EF-1c, EF-2
and eIF-2c [8].
It has also been reported that translation is inhibited by expo-
sure to oxidants. Administration of hydrogen peroxide caused a
time-dependent decrease in both RNA- and protein-synthesis in
primary neurons and neuronal SH-SY5Y cells. Increased RNA oxi-
dation and disruption of ribosome complexes were observed fol-
lowing prolonged oxidant exposure [9].
There is evidence that certain components related to ROS scav-
engers inhibit translation [10]. Peroxidase TSA1 functions as an
antioxidant in protecting actively translating ribosomes against
endogenous ROS and its peroxidase activity is required for ribo-
somal function [11]. GCN4 is a global transcription factor that is
regulated at the level of translation and is required for the response
to peroxide stress in the yeast Saccharomyces cerevisiae [12]. Over-
all the available data indicate that the oxidative state causes inhi-
bition of protein synthesis and may affect components of the
translation process.
In the present work we have conﬁrmed that redox state inﬂu-
ences translation and have investigated the mechanism involved.
We found that in vitro translation was accelerated by the addition
of thioredoxin and glutaredoxin, suggesting that translation in vivo
might also be regulated by TRX and glutaredoxin. The endogenousration of European Biochemical society. All rights reserved.
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effectively than dithiothreitol in combination with the thioredoxin
system, and thioredoxin reductase synergized with thioredoxin.
Our observations suggest that components of the translation
process are targets of redox signaling and are regulated by redox
state.Fig. 1. Addition of thioredoxin or glutaredoxin in the presence of DTT in an in vitro trans
described previously [14] from Saccharomyces cerevisiae. Translation reactions were incu
thioredoxin 1 (A), GST-glutaredoxin 1 (B), or GST-glutaredoxin 2 (C) fusions. 0 represen
incubation the translation extracts were harvested and assayed for the activities of lu
addition. The results are given as mean ± S.D. of three experiments. The error bars repre2. Materials and methods
2.1. Plasmid construction
The primers designed for PCR ampliﬁcation incorporated
restriction sites for ligating the fragments. To tag proteins withlation reaction accelerates protein synthesis. Translation extracts were prepared as
bated with 250 ng of luciferase mRNA and the indicated amounts of puriﬁed GST-
ts no protein added in the reaction with or without additional DTT. After 30 min
ciferase synthesized by a luminometer. + Denotes addition of 1.7 mM DTT; , no
sent the standard error of the means.
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CGCGGATCCGTTCACAACAAAGTTACTATC-30 and 50-TCCCCCGGGC
TATTCTAGGGAAGTTAGTAT-30) TRR2 (50-CGCGGATCCATAAAACA-
TATAGTTTCGCCA-30 and 50-TCCCCCGGGTTACTCTTGGGCACTTAGG
TACCGT-30), TTR1 (50-CGCGGATCCGAGACCAATTTTTC CTTCGAC-30
and 50-TCCCCCGGGCTATTGAATACCGGCTTCAATA-30), GRX1 (50-
CGCGGATCCGTATCTCAAGAAACTATCAAGC-30 and 50-TCCCCCGGG
TTAATTTGCAAGAATAGGTTCTAAC-30) were ampliﬁed by PCR usingFig. 2. Addition of thioredoxin or glutaredoxin in the presence of NADPH in an in vitro tra
as described in Fig. 1 except that 0.18 mM NADPH was added instead of DTT. The reactio
glutaredoxin 1 (B), or GST-glutaredoxin 2 (C) fusions. 0 represents no protein added inprimers that introduced a 50 BamHI site and a 30 SmaI site; for TRX1
(50-GGATCCGTTACTCAATTCAAAACTGCC-30 and 50-AGATCTAGCATT
AGCAGCAATGGCTTG-30) we used a 50 BamHI site and a 30 BglII site;
and for GLR1 (50-TCCCCCGGGAC TTTCTGCAACCAAACAAACA-30 and
50-CCCCCCGTCGACTCATCTCATAGTAACCAATTCTTCTGC-30) a 50
SmaI site and a 30 SalI site. The PCR products were inserted be-
tween the SmaI and SalI sites of the vector pEGKT [13]. Each PCR
product was conﬁrmed by sequencing.nslation reaction accelerates protein synthesis. In vitro translation assay carried out
ns were provided by the indicated amounts of puriﬁed GST-thioredoxin 1 (A), GST-
the reaction with or without additional NADPH.
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The GST fusion proteins were overexpressed in S. cerevisiae
growing in synthetic minimal medium containing 10% galactose
and 2% rafﬁnose. They were puriﬁed by afﬁnity chromatography
using glutathione–Sepharose (GE Healthcare). For this we em-
ployed a running buffer (25 mM Tris–HCl [pH 7.5], 100 mM NaCl,
5 mM DTT) containing 20 mM reduced glutathione and dialyzed
the eluates against buffer containing 25 mM Tris–HCl, pH 7.5,
100 mM NaCl, 10% glycerol, and 5 mM DTT.Fig. 3. Addition of thioredoxin or glutaredoxin in the presence of NADH in an in vitro tra
as described in Fig. 1 except that 0.06 mM NADH was added instead of DTT. The reactio
glutaredoxin 1 (B), or GST-glutaredoxin 2 (C) fusions. 0 represents no protein added in2.3. In vitro translation assay
Translation assays were performed as described previously [14],
with some modiﬁcations. A plasmid containing the ﬁreﬂy lucifer-
ase gene was digested with SmaI and puriﬁed on an agarose gel.
This DNA (1 lg) was used for in vitro transcription and to prepare
polyadenylated luciferase mRNA (Epicentre). Translation extracts
stored in liquid nitrogen were thawed on ice and mixed with 2x
translation buffer (40 mM HEPES, pH 7.4, 240 mM potassium
acetate, 4 mM magnesium acetate, 1.5 mM ATP, 0.2 mM GTP,nslation reaction accelerates protein synthesis. In vitro translation assay carried out
ns were provided by the indicated amounts of puriﬁed GST-thioredoxin 1 (A), GST-
the reaction with or without additional NADH.
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creatine phosphate kinase, and a 0.08 mM amino acid mixture).
Luminescence was measured by adding 10 ll of translation mix
to 100 ll of LUC assay reagent (Promega) and measuring emission
for 10 s with a Lmax luminometer (Molecular Device).3. Results
3.1. Regulation of in vitro translation by the reducing reagent DTT
Redox signaling can affect the growth and death of cells in re-
sponse to changes of the redox state of proteins. We performed
preliminary in vitro translation assays in the presence of dithio-
threitol to asses the effect of redox state on translation. Translation
was monitored every 10 min at 25 C in 15 ll reaction mixtures
made up of 50% S. cerevisiae translation extract and 50% cocktail,
together with 250 ng luciferase mRNA. When 1.7 mM DTT was
added, luciferase synthesis increased by 40% [1] and was further
augmented by addition of thioredoxin 1 (TRX1). To see whether
translation was activated by the cellular reducing agents NADPH
and NADH, and also via the glutaredoxin pathway, we examined
the effects of adding puriﬁed thioredoxin 1 (TRX1), thioredoxin
reductase 1 (TRR1), thioredoxin reductase 2 (TRR2), glutaredoxin
1 (GRX1), and glutaredoxin 2 (TTR1). When TRX1 puriﬁed from S.Fig. 4. Thioredoxin reductase acts together with thioredoxin to enhance translation activ
NADPH (A) or 0.06 mM NADH (B) provided to the reactions as reducing agent together w
1 fusions.cerevisiae was added to the in vitro translation extract, translation
activity increased 2-fold (Fig. 1A). The translation extract con-
tained 0.6 mM of DTT as prepared; hence TRX1 was able to en-
hance translation activity at this concentration of DTT. In the
presence of 1.7 mM DTT, translation activity increased in a dose-
dependent manner from 25 ng to 3200 ng of GST-thioredoxin. As
a control, GST itself induced a 20–30% increase in translation activ-
ity. GST may improve the ‘‘translation environment” by scavenging
toxic compounds in the cell extract. With 3200 ng of thioredoxin
added to the reaction in the presence of DTT, translation activity
increased 2.7-fold (Fig. 1A). GRX1 and GRX2 also had stimulatory
effects on translation similar to that of thioredoxin, increasing
translation activity 2.5-fold and 2.2-fold, respectively (Fig. 1B and
C). Evidently this reducing agent can also utilize glutaredoxin as
signaling mediator for altering redox status.
3.2. Regulation of in vitro translation by the reducing agents NADH
and NADPH
Since DTT is not a cellular reductant, we tested whether NADH
or NADPH could also deliver their reducing power to the transla-
tion process via the thioredoxin or glutaredoxin systems.
Thioredoxin was able to some extent to utilize the residual DTT
in extracts without supplementation with additional reducing
equivalents. When we added 0.18 mM NADPH together withity. In vitro translation assay carried out as described in Fig. 1 except that 0.18 mM
ith the indicated amounts of both GST-thioredoxin 1 and GST-thioredoxin reductase
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further synthesis of luciferase was observed upon the addition of
more than 25 ng of thioredoxin, indicating that 25 ng of thiore-
doxin was enough to achieve saturation. Translation activity was
increased 4.8-fold in the presence of 3200 ng thioredoxin and
0.18 mM NADPH compared to the absence of both factors
(Fig. 2A). Similarly GRX1 and GRX2 stimulated translation 3.6-fold
and 3.0-fold, respectively (Fig. 2B and C). In the presence of
0.06 mM NADH, addition of TRX1 enhanced translation 4.0-fold,
whereas GRX1 had a 3.0-fold effect, and GRX2 a 2.6-fold effect
(Fig. 3). We conclude that both NADPH and NADH are able to pro-
vide reducing power that can be transferred to the translation
apparatus via thioredoxin and glutaredoxin.
3.3. Recyling of reduced thioredoxin by thioredoxin reductase is crucial
for translational activation
Since in vitro translation proceeds for 30 min in our experi-
ments, thioredoxin might need to be reduced for full activity. To
examine the effect of reduction of thioredoxin we puriﬁed TRR1
from S. cerevisiae. TRR1 itself had no signiﬁcant effect on transla-
tion in the presence of NADPH or NADH as reducing agent
(Fig. 4). As described previously, 3,200 ng TRX in the presence of
NADPH stimulated protein synthesis 4-fold (Figs. 2A and 4A). Addi-
tion of 25 ng TRR1 stimulated protein synthesis by approximately
55%, compared to TRX1 alone, and further supplementation with
TRR1 progressively increased translation (Fig. 4A). TRR1 also had
a stimulatory effect on translation in the presence of NADH
(Fig. 4B). These ﬁndings indicate that the translation reaction
was stimulated by recycling reduced thioredoxin via the thiore-
doxin–thioredoxin reductase reaction, and conﬁrm that redox sta-
tus play an important role in translational regulation.
In conclusion, NADPH is superior to NADH as reducing equiva-
lent, and the thioredoxin system is more effective than the glutare-
doxin system in maintaining the translation apparatus in a reduced
state.4. Discussion
Evidence has accumulated that the oxidizing agent H2O2 inhib-
its protein synthesis. Conversely, reducing molecules such as thio-
redoxin (TRX) play important roles in redox signaling to translation
[15]. We observed that administration of a reductant stimulated
translation in vitro. In the presence of NADPH, addition of thiore-
doxin to the translation reaction enhanced the translation activity
about 4.8-fold, whereas stimulation was 3.5-fold with glutaredoxin
1, and 3.0-fold with glutaredoxin 2 (Fig. 2). Stimulation by thiore-
doxin was similar in the presence of NADH (Fig. 3). Thus both
NADPH and NADH function as reducing power that can be trans-
ferred to the translation apparatus via thioredoxin as well as glut-
aredoxin. Thioredoxin reductase further stimulated translation
activity by about 80%, compared to thioredoxin alone, in the pres-
ence of NADPH (Fig. 4).
There is evidence that ribosomes are major targets of oxidative
and reductive stress; the oxidant hydrogen peroxide tends to dis-
rupt ribosome complexes and decreases protein synthesis in pri-
mary neurons and neural SH-SY5Y cells [9]. On the other hand
the reductant DTT also induces a stress response affecting transla-
tion in Saccharomyces since mutants lacking thioredoxin or Tsa1
peroxidase contain protein aggregates predominantly composed
of ribosomal proteins [16]. The chaperone activity of Tsa1 protects
actively translating ribosomes, and this effect seems to involve the
thioredoxin–thioredoxin reductase system since ribosome-associ-
ated Tsa1 increased in mutants lacking thioredoxin reductase
(trr1) or thioredoxins (trx1 trx2). Interestingly it seems that thiore-doxin reductase is also required for accurate translation since mis-
reading is increased in the trr1 mutant.
This redox stress response appears to involve the initiation of
translation because GCN2, which is an eIF2 kinase phosphorylating
translation initiation factor eIF2a, is required for the response to
peroxide stress in S. cerevisiae. Another related ﬁnding is that mu-
tants in FUN12, which encodes the translation initiation factor
eIF5B, are DTT sensitive [17,18]. As reported previously S. cerevisiae
is sensitive to oxidative and reductive stress, and fun12 mutants
were one of the types of DTT-sensitive mutants obtained by
screening a complete set of viable deletion strains of S. cerevisiae
for sensitivity to DTT [11,16]. Therefore eIF5Bmay be one of targets
among the translation components affected by redox.
There is evidence that translation factors are targets of redox
stress in S. cerevisiae, since translation factors (EF-1a, EF-1c, EF-
2, eIF-2c) were shown to form disulﬁde bonds in a mammalian
neuronal cell line (HT22) exposed to various oxidative insults [8].
Alterations in the redox state of protein-sulfhydryl groups in trans-
lation components may affect many protein functions and activi-
ties [19].
Alternatively transport of redox to the translation process may
occur indirectly through regulatory protein interacting with trans-
lation component. Translation of chloroplast psbA mRNA is modu-
lated in the light by opposing oxidizing and reducing activities
[20,21]. Light has been proposed to stimulate the translation of
Chlamydomonas reinhardtii chloroplast psbA mRNA by activating a
protein complex associated with the 50 untranslated region of this
mRNA. This protein complex contains a redox-active regulatory
site responsive to thioredoxin.
In conclusion mechanism for the translational activation via
reductant requires further work. Even though it has known that
stress response occurs mainly at the level of transcription, several
reports suggests increasing possibilities that translational compo-
nents such as ribosomes and translation factors could be a target
of redox signaling. Therefore, we proposed that redox signaling
via thioredoxin–thioredoxin reductase may be a potential novel
way of stress response.Acknowledgments
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